Purpose: In China the number of pathologists is far from being enough to meet the demands of ongoing population based cervical cancer screening programs. This article aims to present our experience with automated quantitative cytology imaging platform, a reading system with an artificial intelligence that we currently use routinely for cervical cancer screening in Shanxi province.
Introduction
According to the WHO / IARC (World Health Organization / International Agency for Cancer Research) data from 2012 showed that cervical cancer is the fourth most frequent malignant tumor in women. The same report shows that the global annual incidence of cervical cancer was 528 000 with estimated 266 000 deaths in the same year. Out of that number about 85% of cervical cancer occurred in the developing countries, accounting for 12.0% of all female malignancies, while cervical cancer in developed countries accounted for only 3.0%. The average age-standardized mortality rate for cervical cancer in developing countries was 8.3 per 100 000, while in developed countries that number is lower, at 3.3 per 100 000.
screen a large-scale population of women has become our top priority. At the same time we aimed to find an economically sound approach.
Materials and Methods

General Information
From March 2012 to December 2016 40 178 women were screened for cervical cancer and were divided into three groups. All women were 35-64 years old.
Group 1
Between 2015-2016, a total of 30 124 rural women were enrolled into a screening program which was a part of Shanxi Province Initiative (Table 1 ). The sampling was done using cervical brush for either smears or liquid based cytology. In 21 503 cases smear slides were stained with proprietary Feulgen DNA + EA50 staining. Semi automated quantitative cytology platform (further in the text Cyto System, Landing, Wuhan, China) with manual quality control was used to analyze slides and generate reports. The report used Bethesda (TBS) system reporting. In the same period specimens from another 8 621 women were collected using liquid-based methodology, slides were stained by conventional PAP staining method and reading was done by pathologists using traditional microscopic examination. The same diagnostic Bethesda system (TBS) reporting was applied. Our goal was to compare detection rates between smears stained with DNA+EA50 and scanned using Cyto System scanning vs. conventional liquid based cytology. From October to December 2014 cervical specimens from 3 253 rural women were obtained using cervical brush and from each sample two slides were made with liquid-based method (Table 2) . One slide was stained with a proprietary Feulgen DNA+ EA50 staining, and scanned by Cyto System, while second slide was stained with traditional PAP staining, and analyzed by pathologist using standard microscopy method. Bethesda classification was applied for cytology diagnostic reporting. We wanted to compare two methods using the same sample, even though we were aware that there could be a difference between the slides in number and type of cells present. From 2013 to 2016, a total of 6981samples were collected from urban women using cervical brush (Table 3 ). All samples were processed using liquid-based preparation methodology. 2136 samples collected from 2013-2014 were stained with traditional PAP staining and conventional microscopy reading method by pathologists was done using Bethesda (TBS) classification for reporting. Samples collected from 2015 to 2016 from 4 665 urban women teachers were taken during routine physical examination. Slides from these samples were stained with proprietary Feulgen DNA+EA50 staining protocol. Cyto System was used for scanning and report's generation. Bethesda system was used for reporting cytology diagnosis. In this group our aim was to compare two different methods for staining and analysis using the same sample preparation technique. In all three groups, women with positive results were invited for colposcopy. Colposcopic abnormalities were recorded and cervical biopsy was performed for histopathological diagnosis.
Method
Cervical Sampling
The chohort consisted of non-menstruating women, at least 3 days without vaginal medication or vaginal washing and no active sexual life. Professionally trained gynecologist took specimens under direct visualization of vagina using the standard Rovers' one-time sampling brush. The brush was rotated clockwise for 3-5 times at cervix (about 8mm). The goal was to collect sample from a cervical transition zone.
Slide Preparation
Liquid Based Sample Preparation
Sampling brush was detached and placed in the labeled collection jar containing standard fixative and send to the laboratory for further analysis. Cell deposition on the slide was done using Cytospin (Landing, Wuhan, China) which has round deposition area of 15 mm in diameter and surface area of 76, 72 mm2. See Figure 1 . After sampling, specimen was placed on the slide by holding brush at 45 degrees angle in order to evenly apply sample on the slide, air drying was allowed for 15-20 seconds, after which slides were soaked into 95% alcohol for 20 minutes for fixation, dried and were ready for staining. (Fig1) 
Laboratory Slide Staining
Two staining protocols were used: proprietary staining Feulgen DNA+EA50 protocol in which Feulgen DNA stains nucleus first (blue), followed by counterstain EA50 which stains cytoplasm as a second step on the same slide. After fixation in 100% ethanol and Bounin solution, slides were hydrolized in 5N Hydrochloric acid for 60min at 25 0 C, followed by staining with Thionin stain for 67 min at 25 0 C. After rinsing, EA50 was applied for 2 seconds. Slides are then washed two times in 95% ethanol and 2 times in 100% ethanol before they were left to air dry and stored in the dark until image analysis. See Figure2. Second staining protocol was conventional routine PAP staining. 
Slide Analysis and Reading
Stained slides were scanned using Cyto System (Landing Med Tech, Wuhan), an automated quantitative cytology image analysis system. The system automaticaly selects the most suspicious objects, approximately 40 objects, based on more than 500 specific features. One of criteria is measurement of nuclear DNA content together with set of features for cell morphology recognition such as nuclear to cytoplasm ratio. This method was described and used previously (Guillaud et al., 2006) All scanned slides were first reviewed by trained technician who had 2-5 years of experience. Cervical cytology reports were classified according to Bethesda (TBS) diagnostic system and were reported as: ASCUS, ASC-H, LSIL, HSIL, cancer and other positive. All slides that were read as ASCUS and above were reviewed by pathologists and only 10% of randomly selected negative slides, as a part of quality control. Conventional cytology reading was done by pathologists who reviewed all the slides using standard light microscope.
Histopathology criteria: Biopsy diagnosis was graded as follows: normal, mild cervical dysplasia (cervicitis, CIN I), moderate and severe cervical dysplasia (CIN II and CIN III) and cervical invasive carcinoma.
Follow Up
According to the principle of "three steps" management: all women with ASCUS and above were examined by colposcopy, followed by biopsy if visual changes were observed . Colposcopy procedure required that the woman was abstained from sexual behavior, during the exam. Cervix was washed with saline, cervical secretions were carefully observed on the surface of the cervix, and then acetic acid staining (iodine test) was applied. Biopsy was taken from the suspicious area and sent to laboratory for histology reading.
Results
The first two groups were rural women while the third group consisted of urban more educated women where incidence of cervical cancer was known to be significantly lower. (Wang et al., 2015) Out of total of 30 124 women that participated, in the first group 21 503 smear slides were analyzed using Cyto System, while in 8 621 cases liquid based slides were sent for conventional manual slide reading done by pathologist using conventional light microscope. Although the sample preparation was not optimized for Cyto
System we recorded 1 065 positive cases (positive rate 4.95%) (Table 4) . Among those were 236 cases of CIN 2 and above including cases with cervical carcinoma. The detection rate was 109.75/10 4 . Out of 8 621 cases whose samples were prepared with liquid based sample preparation and analyzed by pathologists using conventional microscope 197 cases were positive, positive rate of 2.29%. Histology after biopsy found 52 cases of CIN 2 lesions and above (the detection rate was 60.31/10 4 ).
A total of 3 253 women participated in the second group. From each sample two slides were made using liquid based method at the same time. One slide was stained with Feulgen DNA+EA50 and scanned with Cyto System while the other slide was stained with conventional PAP stain and read manually by pathologist using light microscope. There were 152 positive cases (positive rate 4.67%) in the Cyto System group, out of which 45 cases of CIN 2 above were found on histology. The detection rate was 138.33 / 10 4 . In a conventional manual reading group 109 positive cases were found (the positive rate 3.35%) with only 9 cases of CIN 2 and above (the detection rate of 27.61 /10 4 .)
A total of 6 801 women participated in the third group. Out of 4 665 cases whose slides were scanned using Cyto System 86 cases were positive, (positive rate 1.84%), among those biopsy found 17 cases of CIN 2 and above lesions (the detection rate of 36,44 /10 4 ); manual reading in 2 136 cases, found 25 cases positive, (positive rate 1.17%). Among those pathological biopsy found 3 cases of CIN 2 and above (detection rate of 14.05 / 10 4 ).
In all three groups the number of positive cases were significantly higher (p<0.05) if screening was done using Cyto System compared with a manual slide review by standard microscopy.
Positive rate comparison (X2 test) for Cyto System method of reporting please ( Table 5 ). Note that the positive rate was significantly different in two groups. It is not surprising that the overall number of positive cases was lower in a group of more educated of women when compared with the first two groups of rural women. It is observed by others, too, that urban women have easier access to cervical cancer testing, they are much more aware of the importance of regular screening and the incidence rate in this group is lower (Wang 2015) .
It would be prudent to address the issue of sensitivity and specificity as well as positive predictive value of the method. Even though all women signed informed consent, the study lacks enough biopsies from negative women to properly calculate specificity, therefore these parameters are not presented. The authors are well aware of this insufficiency in their data.
Comparison of Costs between Automated Quantitative Cytology Platform Cyto System Analyses vs. Conventional Slide Reading
Costs were estimated from a provider point of view as a function of cost per positive case detected, based on detection rate we found in each group per 10 000 women screened. During data collection only labor costs in each group were calculated. In China, conventional reading of slides by pathologists labor costs are approximately 30 yuan/case, while for automated scanner analysis (including labor costs and equipment ) the cost is 40 yuan/case. Colposcopic cost is, on average, about 60 yuan / case, cervical tissue biopsy approximately cost of 20 yuan / case, and cervical biopsy with histopathological diagnosis cost about 100 yuan / case (Table 6 .) If we assume that the reading is done by conventional reading in 10 000 cases that would amount to a total cost of 10 000 * 30 yuan = 300 000 yuan. (or using Cyto System 400 000 respectively). In the first group according to calculated positive detection rate of 2.29%, 229 cases (among 10,000) would need colposcopy. The cost of colposcopy at 60 Yuan will incur a total costs of 229 * 60 = 13 740 yuan. Further if we assume that ½ of the cases sent to colposcopy will have biopsy, histopathological diagnosis will create additional costs of 114.5 * (20 +100) = 13 740 yuan. Finally the total cost would amount to 300 000 +13 740 +13 740 = 327 480 yuan. (using Cyto System that would amount to 459 400 yuan respectively) At this expense, with the detection rate of 60.31 we can assume that we should be able to detect 60 cases of CIN 2 and above and the would cost 5458 yuan per case (the cost-effectiveness ratio (C / E) = 327 480/60 = 5 458 yuan). At the detection rate for Cyto System of 109.75 the cost of 110 cases would be less expensive, 4 176 yuan respectively.
The same principle is applied to all groups and the results are as expected, in each group using automated approach yield fewer costs overall.
This analysis has its limitations considering that the cost outcomes, training, overhead were not included. Despite these limitations our results show that it is possible to implement affordable technology and improve cancer detection at the same time.
Discussion
Cervical cytology has been around almost half a century and is still the main method for cervical cancer screening in several developed countries, such as the United States and Canada, regardless of the new (HPV) methodology that has been introduced in the last few years. Decades of screening data show that conventional cytology, can effectively reduce the incidence of cervical cancer and death rate (Barut et all, 2015) in a well organized cervical cancer program. In those developed countries more than 80% of women benefit from a regular cervical examination based on conventional cytology approach (Anderson, Boyes & Benedet, 1988) . Such practice has proved that cervical cytology is still, in health economic terms, very cost-effective method. However, in the developing countries due to lack of medical professionals (specially trained technicians and cytologists) and appropriate funding, many women, especially women in rural area or those with a low income are not receiving adequate medical care and are usually omitted from organized cervical cancer screening programs. Many of these women never had cervical examination in their life which is one of the main reasons why the incidence of cervical cancer in China is significantly higher when compared with incidence of cervical cancer in developed countries. According to the China Women's Development Program, published in 2009 Chinese government is conducting nationwide surveillance of cervical cancer, with the goal to screen 80% of women by 2020. ( Wang 2015) and these efforts are still ongoing.
In the developed countries where screening programs are well-established usually well-experienced cytotechnologist screen the slides first and is trained to issue negative results. All slides identified by cytotechnologist as potentially positive are reviewed by cytopathologists. In addition, pathologist reviews 10% to 20% of randomly selected negative cases as a part of quality control procedure. Because cervical cancer is a low incidence disease, most of the cases in any laboratory are negative, approximately 95% of all cases. Therefore, trained cytotechnologists in developing countries bear the vast majority of basic laboratory work, save labor costs and ensure quality at the same time. However, in China due to lack of specially trained cytology technicians and technologists, all slides are read by licensed pathologists, who are, in the most cases, not specialized in cytology.
China is currently experiencing a serious shortage of pathologists, and the number of those actively working as cytologists is far from being able to meet the large population need for country's wide cervical cancer screening.
We used the same reading principle, cytotechnologist & pathologist however we added Cyto System to help technician and pathologists in analyzing slides. This was possible due to the progress of science and technology, especially the emergence of computers, digital cameras and intelligent computing, automated and artificial intelligent diagnostic techniques that are currently available. Several systems that offer automation are already available in China, such as Thinprep diagnostic system by Hologic or Focal Point by BD. Both systems mark areas of interest that operator (techician or pathologist) needs to look at. While the image is improved by liquid based sample preparation the reading of the slides follows conventional reading principles. Education and experience of the reader still plays a major role in accurate reading. We used an automated quantitative cytology digital cell analyzer, Cyto System, that has two important features. It marks the area of interest and displays quantitative characteristic of each nucleai (cell). All captured objects are sorted in several categories and displayed on the computer monitor. Cytotechnician and or pathologist can further review each cell manually, in other words the system is used interactively although it is capable of generating report automatically. Displayed cells are selected for review based on quantitative measurements (over 500 features per cell) which is possible due to DNA stoichiometric staining, a true quantitative staining. Cytoplasmic EA50 staining on the other hand is secondary stain and its role is to add several features to overall automated analysis but mainy to support visualization of cytoplasm and that has a role to help reviewer .These quite unique features (Garner, 2014) distinguish Cyto System from other available automated reading systems. Combination of measurement and qualitative image (DNA content and cell morphology) assists operators, specially those less experienced to achive the same results as the most experienced one, minimizing human error and standardizing the report.
Currently available automated systems are designed only to display regions of interest that reviewers need to look at, usually 20 different fields, and to authors knowledge they are not capable of true measurement of nuclear DNA. The automated quantitative imaging platform in our study achieved both functions : measure of nuclear features (DNA content) and cytoplasmic visualization, both of which contribute to facilitate easier and more reliable reading.
Data collected from all our groups where slides were scanned using Cyto System showed that using automated quantitative imaging platform identified more cytology positive cases (and CIN 2 lesions) when compared to the traditional microscopic ( manual ) diagnosis performed by pathologist.
In the future the gap between artificial intelligence and manual readings will become increasingly larger in favor of the former. It is expected that the automated intelligent diagnostic systems will add to self-learning and self-improvement among operators since all displayed nucleai and cells are accompanied with measurements as well. The use of intelligent computer reading system as a substitute for the cytology technician will likely be a future trend in the development of cell pathology and logical evolution in this field in China.
Another possible benefit from the use of artificial intelligence is easier and faster professional training among those pathologists that are not specifically trained as cytologists. With that we can expect substantial improvement in quality control across many laboratories.
According to published literature the range for accuracy in detecting early cervical cancer between pathologists is 53.4% to 94% (Nanda et al. 2000 and Oh, Shin, Gong, Sohn & Khang 2008) almost 30% difference when diagnosis is made by conventional cytology. It is understandable since morphological examination done by standard microscopic examination have many limitations: firstly specimen limitation such as sampling, sample preparation, staining variations, lack of continuous staff training and cervical cancer cytology specific training to mention only few. The other important factor is uneven distribution of specially trained cytologists in China, as many gravitate towards big centers leaving smaller hospitals without cytology expertise. That translates into uneven distribution of knowledge in cytology across many hospitals and regions . (Wright 2007) .
In China major public health projects for women and children have been implemented since 2009 with the goal to complete cervical cancer screening for 70 million women by the end of 2020. Until today 60 million rural women were screened. Screening work is mostly done in rural areas at the primary care hospitals which traditionally lack appropriate equipment and professional staff. Occasionally, due to various factors, it is difficult to assure a good quality of work, leading to a possible human error, poor repeatability and a higher rate of missed diagnosis . Data from 2013 to 2015 from China's national project showed that precancerous lesions' detection rate were around 150/10 4 which confirms our thoughts that there is a room for improvements. One of the Cyto System advantages is its ability to compensate for the human resources, it is scalable and brings standardization into laboratory operations. Automated system will allow scanning of large number of slides and reading in a very consistent manner. While positive cases will continue to be analyzed by pathologists vast majority of negative slides can be scanned and reviewed by technician solving human bottleneck in cervical screening program in China. Automated quantitative cytology platform offers measurement information to pathologist, which can improve their individual performance too.
In North America and Europe, similar automated methods have been adopted as a routine laboratory testing method in cervical cancer screening programs quite successfully (Wright 2007 and Li, Zhang, & Li 2010 ).
The operating cost for processing and analysing one sample using automated system is higher if we only take calculation for one case when it is compared with manual reading approach. However, using automated system we were able to detect more positive cases and due to the automated scanning process and its ability to scan slides overnight it seems more economic in a long run. Regarding the costs our data look promising and it seems possible to implement automated quantitative cytology platform at the reasonably low cost. It was published (Nghiem et all. 2015) previously that DNA ploidy can be economically beneficial and suggested that this approach could be easily implemented in everyday practice particularly in China. It is worth exploring this approach further for massive, population based screening projects.
Conclusion
We believe that combination of internet and automated artificial intelligence as a new approach to cervical cancer screening in China should be used particularly in a resource-deficient regions for cervical cancer screening as a first line method. With that approach we can achieve several beneficial effects for patients as well as for authorities that organize screening projects.
